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Objective  of  Program: 

The  program  objective  was  to  develop  new  classes  of  high  carrier  mobility 
photorefractive  organic  materials  in  order  to  improve  the  photorefractive  properties  of 
existing  materials  by  1)  providing  a  faster  response,  and  by  2)  providing  for  operation  at 
near-infrared  communications  wavelengths. 

Approach: 

Photoconducting  polymers  have  been  the  subject  of  considerable  research  due  to 
their  application  as  photoreceptors  in  photocopying  technology.  More  recently,  interest 
has  developed  photoconducting  materials  applications  in  electroluminescent, 
photorefractive,  photovoltaic,  and  transistor  devices. (1)  There  has  been  intense  research 
recently  into  photorefractive  polymers  based  on  photoconducting  polymers(2,3,4,5,6,7) 
and  liquid  crystals(8,9).  In  addition,  photoconducting  materials  have  potential 
applications  of  relevance  to  the  Air  Force  in  producing  flexible  platform  signatures  and 
reconfigurable  antennae.  Each  application  has  its  unique  requirements  for  such  materials 
relating  to  the  transport  process.  Thus  the  functions  of  photocamer  generation,  transport 
and  trapping  will  vary  depending  on  application.  Polymers  are  an  ideal  material  in  this 
regard,  as  different  functionalities  can  be  blended  according  to  need.  Since  the  physical 
mechanisms  giving  rise  to  these  properties  can  vary,  considerable  variation  in  properties 
among  polymers  and  other  organic  materials  have  been  observed. 

We  have  been  pursuing  research  into  photorefractive  applications  of 
photoconducting  organic  materials  over  the  past  two  years.  Our  focus  has  been  on 
increasing  speed  and  long- wavelength  sensitivity.  We  have  made  considerable  progress 
in  identifying  candidate  materials,  as  we  will  describe  below.  In  particular,  we  have 
identified  an  exciting  new  class  of  materials  possessing  hole  mobilities  several  orders  of 
magnitude  larger  than  polyvinyl  carbazole  composites  (PVK). 

Figure  1  outlines  the  dependence  of  charge  carrier  mobility,  p,  [in  cm2/V s]  in 
conventional  photoconducting  materials  versus  supramolecular  order  (10,11).  As 
expected,  the  increase  of  order  from  that  of  an  amorphous  material  like  poly(9- 
vinylcarbazole)  to  an  aromatic  single  crystal  like  anthracene  induces  and  increases  the 
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mobility  of  up  to  seven  orders  of  magnitude. 

Both  amorphous  polymers  and  aromatic  single  crystals  have  advantages  and 
disadvantages.  The  advantages  of  an  amorphous  polymer  are:  its  excellent  film  forming 
properties,  good  mechanical  properties,  functional  tailorability,  and  various  processing 
capabilities.  Its  drawback  consists  mainly  of  its  limited  range  of  mobility.  The  advantage 
of  a  single  crystal  is  its  excellent  mobility.  However,  the  disadvantages  of  single  crystals 
are:  the  high  price  of  zone  refined  methodology  for  their  preparation,  lack  of  film 
forming  properties  and  poor  mechanical  properties.  An  optimum  technological 
compromise  was  accomplished  with  a  solid  solution  of  an  amorphous  polymer  bisphenol- 
A  polycarbonate)  containing  a  low  molar  mass  photoconducting  material  (N,N  -diphenyl- 
N,N'-bis(3  -methylphenyl)-[  1 , 1  ’-biphenyl] -4, 4'-diamine  (TP  D)  ( 1 2) . 

As  shown  in  Figure  1,  the  only  other  materials  that  can  combine 
photoconductivity,  order,  processibility  and  therefore  are  expected  to  provide  very  high 
mobility  are  liquid  crystals. 


Supramolecular  Order 


◄ - - - r4- - 

Zone  Refined  Liquid  Crystals  ’ 

Aromatic  Single  Photoconductors 


Charge  Carrier  Mobility  p  [  cm2(Vs)-l] 


Anthracene  Poly(9-vinylcarbazoIe) 


Figure  1.  Impact  of  supramolecular  order  on  earner  mobility. 
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Recently  Ringsdoff  et  al.  have  demonstrated  that  discotic  molecules  like 
hexaalkyloxytriphenylene  and  hexaalkylthiotriphenylene  exhibit  a  high  mobility  for 
photoconductivity  (p  =  10"4  cmVVs)  in  a  discotic  hexagonal  disordered  liquid  crystalline 

(Dhd)  phase  (13,14,15).  The  mobility  of  hexahexylthiotriphenylene  increases  to  9  x  10'2 
cm2/Vs  in  a  more  ordered  H  phase.  Most  recently,  Mullen  et  al.  have  demonstrated  a 

mobility  of  10  cm2/Vs  in  the  discotic  hexagonal  ordered  liquid  crystalline  phase  of 
hexatetradecyl  hexa-peri-hexabenzocoronene(16).  Figure  2  highlights  these  results.  It  is 
interesting  to  observe  that  the  mobility  in  the  H  and  Dh0  phases  (Figure  2)  is  approaching 
the  values  of  aromatic  single  crystals  (Figure  1).  In  our  opinion  this  is  not  unexpected 
since  the  H  and  Dh0  phases  are  not  liquid  crystalline  but  crystalline  (Figure  1).  These 
excellent  results  were  however  obtained  on  discotic  molecules  that  are  not  easily 
synthesized  and  have  limited  synthetic  capabilities  concerning  their  insertion  in 
polymeric  structures,  photosensitization  in  different  wavelength  range  by  complexation 
or  by  blending  and  blending  with  various  additives  in  order  to  induce  photoreffactivity 
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and  other  properties. 

We  have  been  investigating  another  approach  to  columnar  liquid  crystal  structures 
which  is  decidedly  more  flexible  in  adjusting  and  adding  functionality  than  the 
triphenylene  systems.  In  the  proposed  work  described  here,  we  plan  to  1)  synthesize 
improved  materials  to  further  enhance  the  carrier  mobility  and  sensitivity  spectrum  based 
on  our  concept  of  self-assembling  columnar  liquid  crystal/polymer  materials  2) 
characterize  the  basic  photoconductive  properties,  such  as  mobility  and  charge  generation 
toward  an  understanding  of  the  physical  mechanisms  leading  to  the  enhanced  properties 
observed  to  find  new  ways  to  improve  materials  and  3)  introduce  trapping  and  nonlinear 
optical  moieties  for  improved  photorefractive  properties.  We  now  describe  some  exciting 
first  results,  and  the  extensions  of  present  work  being  proposed  here. 


Results: 

Materials  and  Characterization 

We  have  recently  elaborated  a  novel  strategy  for  the  self-assembly  and  co¬ 
assembly  of  functional  supramolecular  columns  that  self-orgamze  in  a  hexagonal 
columnar  liquid  crystalline  phase  (17,18,19).  The  application  of  this  concept  to  the 
induction  of  fast  photoconductivity  in  conventional  -lotv  molar  mass  and  polymeric 

i.** 

photoconducting  materials  is  illustrated  in  Figure  3.  Briefly,  a  suitable  shaped  (taper 
shaped  i.e.,  pizza  slice  like)  monodendron  can  be  functionalized  with  a  suitable  donor  (D) 
or  acceptor  (A)  molecule  in  its  core.  The  D  or  A  containing  monodendrons  will  self- 
assemble  into  supramolecular  columns  containing  the  D  or  A  molecules  in  their  center 
(see  second  and  fourth  verticals  in  Figure  3).  Subsequently  these  supramolecular  columns 
will  self-organize  in  a  hexagonal  columnar  liquid  crystalline  phase.  The  third  vertical 
(i.e.,  middle  one)  in  Figure  3  shows  the  co-assembly  of  D  with  A  containing 
monodendrons  in  a  supramolecular  column  containing  donor-acceptor  complexes  in  its 
core  followed  by  its  self-organization  in  the  hexagonal  columnar  liquid  crystalline  phase. 
The  first  vertical  on  the  left  of  Figure  3  illustrates  the  co-assembly  of  an  amorphous 
polymer  containing  donor  side  groups  with  a  monodendron  containing  acceptor  groups. 
This  co-assembly  process  produces  a  supramolecular  column  containing  the  polymer 
with  donor  groups  as  a  donor- acceptor  complex  in  its  core.  This  process,  by  analogy  with 
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other  related  examples  reported  from  our  laboratory  (19,20)  induces  a  helical  chain 
conformation  in  the  backbone  of  the  donor  groups  containing  homopolymer.  The  resulted 
supramolecular  column  self-organizes  in  a  hexagonal  columnar  liquid  crystalline  phase 
(bottom  of  the  first  column  in  Figure  3).  A  similar  process  is  illustrated  in  the  fifth 
vertical  of  Figure  3  for  the  co-assembly  of  an  amorphous  polymer  containing  acceptor 
groups  with  a  tapered  monodendron  containing  a  donor  group. 


Figure  3.  Schemes  for  self-assembly,  co-assembly,  and  self-organization  of 
dendrons  containing  donor  (D)  and  acceptor  (A)  groups. 

All  five  possibilities  from  Figure  3  have  been  demonstrated  in  our  laboratory  with 
the  two  most  frequently  used  donor  and  acceptor  groups  employed  in  the  production  of 
conventional  photoconductive  materials,  i.e.,  carbazole,  carbazole  containing  polymers  as 
donors  and  2,4,7-trinitrofluorenone  as  acceptor.  A  sixth  concept  is  illustrated  in  Figure  4. 
It  shows  an  acetylenic  monomer  containing  both  carbazole  and  a  tapered  monodendron. 
Stereospecific  polymerization  of  this  acetylenic  monomer  produces  a  helical  polymeric 
configuration  (most  probably  a  mixture  of  cis-cisoidal  and  cis-transoidal)  which  creates  a 
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supramolecular  column  containing  the  polymeric  chain  to  which  the  carbazole  groups  are 
attached,  in  its  core.  These  supramolecular  cylinders  self-organize  in  a  hexagonal 
columnar  liquid  crystalline  phase. 


Figure  4.  Self-organization  of  poly[9-{3,4,5-tris(n-dodecan-l-yloxy)benzyl}-2- 
carbazolylacetylene]  into  a  columnar  hexagonal  LC  lattice 

Figure  5  presents  selected  examples  that  demonstrate  the  universality  of  this 
concept  for  the  induction  of  fast  photoconductivity  in  conventional  materials  via  a 
combination  of  self-assembly,  co-assembly  and  self-organization.  Before  going  into  the 
discussion  of  Figure  5,  we  should  mention  that  the  concept  to  be  described  was 
structurally  demonstrated  by  a  combination  of  analysis  by  X-ray  diffraction,  differential 
scanning  calorimetry,  thermal  optical  polarized  microscopy,  scanning  force  microscopy, 
and  transmission  electron  microscopy. 
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Applied  field  (V/pm) 


Figure  5.  Results  of  time-of- flight  mobility  measurements  for  three  materials. 

The  plots  on  the  left  side  of  Figure  5  are  showing  the  dependence  of  mobility, 
determined  by  time  of  flight  method,  of  an  amorphous  photoconducting  material  [i.e., 
poly(9-vinylcarbazole),  PVK,  complexed  with  2,4,7-trinitro-9-fluorenone  (TNF)]  (bottom 
left  side),  followed  by  the  same  measurement  for  the  supramolecular  assembly  obtained 
from  the  carbazole  containing  the  12AGF8  tapered  group  (12AGF8-Cz)  co-assembled  by 
complexation  with  a  trinitrofluorenone  containing  a  tapered  group  (12AGF8-TNF),  in  the 
hexagonal  columnar  liquid  crystalline  phase(21).  The  mobility  was  measured  using  a  382 
nm  laser  pulse  of  approximately  5  ns  duration.  The  resultant  charge  pulses  showed 
considerable  dispersion,  and  time-of-flights  were  extracted  using  a  log-log  plot(22).  An 

-7  *4 

increase  in  mobility  at  low  applied  field  from  10  to  10  is  observed.  The  top  plot  shows 
the  mobility  for  the  -lpolycarbazolyl  acetylene  containing  the  tapered  group  [poly(Cz- 

-3  2 

A)]  in  its  hexagonal  columnar  mesophase.  At  low  applied  field,  a  mobility  of  10  cm  v 
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observed.  This  value  is  higher  than  those  reported  by  Ringsdoff  et  al.  for  discotic 
photoconductors  in  their  liquid  crystalline  phase  and  is  therefore  the  highest  mobility 
observed  to  date  in  liquid  crystalline  state.  The  values  reported  in  Scheme  5  are  also  the 
highest  for  any  carbazole  based  photoconducting  material  known  to  date. 

The  electric  field  dependence  of  the  PVK-TNF  material  is  consistent  with 
previously  reported  results(23).  The  decrease  in  mobility  with  electric  field  for  our  new 
materials  suggests  that  positional  (off-diagonal)  disorder  dominates  the  field  dependence 
and  that  the  energetic  disorder  is  small.  This  implies  a  paucity  of  traps,  which  certainly 
will  enhance  mobility.  It  also  suggests  that  traps  will  need  to  be  introduced  in  order  to  be 
optimized  for  photorefraction.  Approaches  to  doing  this  will  be  presented  in  the  next 
section.  We  have  doped  poly-(Cz-A)  with  5CB  and  C6o  and  have  observed  weak 
photorefraction  by  four-wave  mixing.(24)  Introduction  of  appropriate  traps  and 
covalently  functionalized  chromophores  will  lead  to  enhanced  high-speed 
photorefraction.(25,26) 

Figure  6  summarizes  the  mobilities  (p)  of  selected  examples  of  amorphous  and 
hexagonal  columnar  liquid  crystalline  carbazole  based  materials.  In  most  cases,  p  values 
are  presented  as  a  range  that  is  dependent  on  the  applied  field.  Let  us  discuss  these  data 
starting  from  the  top  of  Figure  6.  PVK  complexed  with  TNF  is  the  classic  amorphous 
photoconducting  material.  It  has  the  lowest  mobility  from  the  entire  Figure  6.  The 
supramolecular  system  12AGF8-Cz  +  12AGF8-TNF  shows  an  increase  of  2  to  3  orders 
of  magnitude  of  the  photoconductivity  in  the  hexagonal  columnar  LC  phase.  The 

amorphous  complex  PVK  +  12AG-TNF  shows  a  mobility  p  “  10“^  cm  v  s  .  This 
enhancement  over  PVK-TNF  may  be  due  to  the  enhanced  proximity  between  the  donors 
and  acceptors  arising  from  the  repulsion  of  the  polar  and  nonpolar  moieties.  The  same 
complex  based  on  the  semifluorinated  12AGF8-TNF  +  PVK  becomes  hexagonal 

columnar.  Its  p  =10"4  cmVV1.  Finally  poly  (Cz-A)  shows,  depending  on  the  applied 
field,  has  p  =  10"4  -  10"3  cmVV1  in  its  hexagonal  columnar  LC  phase.  The  conjugated 
backbone  plays  a  role  in  enhancing  mobility.  It  is  not  clear  how  the  hopping  transport 
models  are  applicable  in  these  cases,  especially  in  the  polyacetylene  system.  This  will  be 
a  subject  of  proposed  work 
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Figure  6.  Mobilities  of  selected  materials. 

These  results  have  demonstrated  the  universality  of  the  concept  illustrated  in 
Figures  1  and  2.  Fast  photoconductivity  can  be  induced  in  conventional  photoconducting 
materials  via  self-assembly,  co-  assembly  and  self-organization  in  supramolecular 
columnar  liquid  crystalline  dendrimers.  These  results  also  demonstrate  that  the 
photoconducting  element  does  not  have  to  have  a  planar  discotic  shape  as  reported  in  the 
experiments  of  Ringsdorf  et  al.  (13,14)  (Figure  2).  We  expect  that  the  mobility  of  these 
materials  can  be  increased  to  values  that  will  reach  those  reported  by  Ringsdorf  et  al.  (14) 
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and  Mullen  et  al.  (16)  in  their  more  ordered  crystalline  states  (Scheme  2).  The  ordered 
hexagonal  columnar  crystalline  phase  can  be  induced  by  increasing  the  alkyl  tail  length 
of  the  monodendritic  building  blocks  (20).  In  addition  we  believe  that  more  efficient 
photoconducting  groups  than  carbazole  (i.e.,  triarylamine  based  groups  (12)  as  well  as 
other  photosensitive  functionalities  such  as  photorefractive  and  NLO  functionalities,  etc.) 
can  be  incorporated  in  these  supramolecular  systems. 

Characterization  Facility 

A  characterization  facility  for  evaluation  of  photoconductive  and  photorefractive 
properties  was  assembled.  Five  experimental  setups  are  presented  in  Appendix  A. 
Three  involve  photoconductivity  measurements,  and  two  are  photorefractivity  setups.  In 
the  photoconductivity  setup,  the  dc  photoconductivity  is  measured,  in  the  time-of-flight 
setup,  the  carrier  mobility  is  measured.  Additionally,  photogeneration  is  measured  by  the 
xerographic  discharge  method.  Photorefractive  experiments  include  two-beam  coupling 
and  four-wave  mixing. 

In  the  photoconductivity  setup,  the  dynamics  of  the  dc  photoconductivity  is 
measured.  The  detection  circuit  shown  in  the  figure  is  used  for  all  of  the 
photoconductivity  measurements.  The  input  has  protection  diodes  in  advance  of  the 
current  to  voltage  converter.  This  is  followed "  by  a  preamplifier.  For  the  dc- 
photoconductivity,  a  lock-in  amplifier  is  used  for  data  acquisition.  The  dc- 
photoconductivity  is  used  to  study  the  dynamics  of  the  space-charge  buildup  as  an 
important  component  of  the  photorefractive  speed.(27)  It  also  can  be  used  in  conjunction 
with  the  time-of-flight  mobility  and  charge  generation  efficiency  measurements  to 

determine  the  carrier  lifetime  (carrier  range)  using  o ^  =(Oa/r  /  hv)efi  where  O  is  the 

charge  generation  efficiency,  a  the  absorption  coefficient,  I  the  light  intensity,  t  the 
carrier  lifetime,  e  the  electronic  charge,  and  | x  the  carrier  mobility. 

The  experimental  setup  for  time  of  flight  is  shown  in  the  appendix.  Here  the 
sample  has  aluminum  electrodes.  A  weak  pulse  (well  below  the  space  charge  limit  CV) 
of  ultraviolet  light  produced  by  third  harmonic  (355nm)  of  a  nanosecond  Nd.YAG  laser 
illuminates  one  electrode.  We  also  use  anti-Stokes  stimulated  Raman  scattering  of  the 
Nd:YAG  second  harmonic  to  produce  pulses  at  320nm.  The  light  is  completely  absorbed 
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near  the  surface  and  the  generated  charge  drifts  across  the  sample.  Assuming  that  the 
carrier  range  exceeds  the  sample  thickness,  the  carrier  mobility  is  given  by,(l) 

H  =  J}  ltTV 


where  L  is  the  sample  thickness,  V  the  applied  voltage,  and  tr  the  transit  time.  The  transit 
time  is  determined  using  the  technique  of  Scher  and  Montroll.(28) 

The  photogeneration  efficiency  setup  uses  the  xerographic  discharge  technique. 
In  this  technique  the  sample  is  first  charged  and  the  surface  charge  is  measured  and 
monitored  with  an  electrostatic  voltmeter.  Following  charging  in  the  dark,  a  He-Ne  laser 
is  applied  leading  to  photoinduced  decay  of  the  surface  charge.  The  initial  slope  of  the 
light-induced  decay  determines  the  charge  generation  efficiency.  The  cross-section  of 
photogeneration  s  was  calculated  from  the  slope  of  the  dependence  of  the  rate  of 


discharge  on  the  intensity  of  illumination: 


dV 


dt 


\light 


sjjeN,  j 
£0£ 


where  I  is  the  intensity 


of 


light,  L  is  a  thickness  of  the  sample,  £  is  a  dielectric  constant  and  NA  is  a  concentration 
of  acceptors. 

The  photorefractive  properties  of  polymers  were  determined  using  four-wave 
mixing  techniques  as  shown  in  the  appendix  and  described  in  reference(26).  Here,  a 
photorefractive  grating  is  written  by  crossing  two  incident  laser  beams  (at  the  same 
wavelength),  and  read  by  the  diffraction  of  a  counterpropagating  beam.  Due  to  the 
geometry  of  the  samples,  measurements  are  carried  out  at  an  oblique  angle.  The 
diffracted  beam  is  monitored  as  a  function  of  time  to  determine  the  diffraction  efficiency, 
and  from  the  initial  derivative,  the  photorefractive  sensitivity  can  be  determined. 

Two-beam  coupling  can  be  measured  by  eliminating  the  counterpropagating  beam 
and  measuring  the  output  intensity  of  one  beam  as  a  function  of  the  intensity  of  the  other 
beam  and  measuring  asymmetric  beam  coupling.  The  setup  is  shown  in  the  appendix. 
Two-beam  coupling  is  used  to  determine  the  density  of  traps  and  the  relative  contribution 
of  the  electronic  electro-optic  effect  and  the  orientation  enhancement  effect.(26)  The 
phase  of  the  photoinduced  grating  can  be  determined  by  translating  the  grating.(29) 
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Photorefractive  properties  of  PVK/5CB  composites 

This  new  characterization  facility  was  used  to  measure  the  photorefractive 
properties  of  a  nematogen-polymer  composite.  Two-beam  coupling  measurements  were 
carried  out  to  characterize  the  photorefractive  properties  and  mechanism  of  composites  of 
5 CB/P VK/C60. (24)  Films  of  composition  40wt.  %  5CB,  0.2  wt.  %  C6o  PVK  were 
prepared.  Measurements  of  the  photorefractive  gain  and  space  charge  field  phase  shift 
were  carried  out  as  a  function  of  the  applied  electric  field  for  both  p-and  s-polarized  light. 
The  photorefractive  gain  coefficient  is  shown  in  Figure  1,  which  demonstrates  the  large 
gain  coefficient  observed  and  suggests  the  presence  of  a  sizable  orientational 
enhancement.  The  curves  shown  are  fits  of  the  data  to  Kukhtarevfs  theory  for  space- 
charge  field  formation.  The  results  of  the  fit  are  analyzed  according  to  the  model  for 
orientational  enhancement.  The  data  indicate  that  the  ratio  of  the  orientation  to  electronic 
Pocket's  contribution  is  Cbr/Ceo~2.9.  We  compared  this  to  the  expected  ratio  based  on 


Figure  1.  Photorefractive  gain  versus  applied  field  for  5CB/PVK/C60  composite.  Lines 
are  fits  to  Kukhtarev's  theory.  Circles  are  p-  and  squares  s-polarized  light  (He-Ne). 
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molecular  optical  parameters  and  a  free  rotation  oriented  gas  model  which  predicts 
Cbr/Ceo~40. 

The  glass  transition  temperature  of  this  composite  is  approximately  40C  so  that 
our  room  temperature  measurements  were  carried  out  in  the  glassy  state.  We  believe  that 
further  enhancement  of  the  photorefractive  gain  will  result  in  composites  of  higher 
concentration  possessing  lower  glass  transition.  In  this  case,  the  orientational  mobility 
will  be  enhanced  as  measurements  are  carried  out  near  or  above  the  glass  transition 
temperature.  The  density  of  transport  traps  was  deduced  from  these  measurements  using 
Kukhtarev’s  theory  and  found  to  be  Neff=3.5xl022m'3. 
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Appendix 


Photoconductivity  set-up 


-15V  +15V  510  1  510 


Time-of-flight  set-up 


Four- wave  mixing  set-up 


Two-beam  coupling  setup 


Sample 


